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CP Violation in Other B° s Decays 

L. Zhang (On behalf of LHCb Collaboration) 
Syracuse University, Syracuse, New York, 13244, USA 



The recent experimental results of CP violation in decays other than in the J/ip4> final state are discussed. Included 
are the resonant components and (f> s determination in — > J/tpir + n~ , CP asymmetries in B® — > decays, 
and the B® effective lifetimes in the CP-even state K+K~ and the CP-odd state J/i/>/ (980). 



1. Introduction 
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The time evolution of the B q -B q system is described by the Schrodinger equation 
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where the M 9 and T q matrices are Hermitian, and CPT invariance requires M\ x — M 22 and Y\ x = T 22 . The 
off-diagonal elements, Mf 2 and T\ 2 , of these matrices describe the off-shell (dispersive) and on-shell (absorptive) 
contributions to B q -B q mixing, respectively. 

The mixing can be described by three physical quantities: |MvU, |r? 2 | and the relative phase 4>\ 2 — arg ( ^w 2 ) • 

I 1 1 I 12 

They are related to the experimental observables Lena |20 1 2| | as: AM q ~ 2|M' 2 |, AT q ~ 2|r^ 2 | cos 0' 2 , and 

a si — Am 0i2i where AM q is the mass difference between the heavy and the light mass eigenstates, — Ar g 
the width difference, and the semileptonic (or flavor specific) CP asymmetry. The phase difference, denoted as 
'ig, between axg(M X2 ) and the decay phase in b — > ccs transitions is also an experiment al obseryable. In the B s case, 

v^sics 



2 argfV'ts V^/y es yi 1, is small and accurately predicted as -0.0363±g;gg^ rad [Charlesl jon) . New Physi 



Bobeth and Haischll201f| in mixing could add new phases to M\ 2 or/and T\ 2 and modify 4>\ 2 or/and <j> q from their 



Standard Model (SM) predictions. 



2. Formalism 



The time dependent decay rates for initial B q or B q decays to a CP eigenstate (/cp) are: 
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} cos(Am q t) - Re (A) sinh — + Im(A) sin(Am 9 i) \ , (2) 



where A = (q/p)(Af /Af), T q is average width of two mass eigenstates, Af (Af) is the amplitude of B q (B q ) decay, 
and \p/q\ — 1 is used assuming no CP violation in the mixing. 
The CP asymmetry is 



, , t) _ T(B q (t) -» f C p) - T(B° v (t) -» fcp) _ A dil cos{Am q t) + A mix sin(Ary) 

fcP ~ r(^ q (t)^f C p) + r(BO(t)^f CP ) cosh ^V + A Ar sinh Arv 
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There are three CP variables but only two are independent: direct CP asymmetry A dn ' = j— U , mixing induced 

|A| + 1 

CP asymmetry A mix = jypr 3 ^ and A Ar = -j^py satisfying (A dir ) 2 + (A mix ) 2 + (A Ar ) 2 = 1. 
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3. Resonant components and cp s determination in B° s ->■ J/ipir~ 
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Motivated by a predication in Ref. [Stone and Zhang] 12009] . the LHCb collaboration made the first observation 
of P° -¥ JA/j/q (980), fo (980) -t n + ir~ Aaii 2011 1, which was subsequently confirmed by others (LlboH , Aaltonen 
2011aLlAbazovll2012al ]. This mode is a CP-odd eigenst ate and can be used to dete r mine (p s without the need for an 



angular analysis, as is required in the J/ip(p final state |Aaijll2012aL lAbazov|[2012bl lAaltonenlhoilbj . With 0.4 fb 



data, LHCb used the candidates within ±90 MeV of /o(980) mass and measured <p s = -0.44 ± 0.44 ± 0.02 rad [Aaii 
2012b| . Whenever two uncertainties are given, the first is statistical and the second systematic. However, the used 
events are only about half of J j 'ipn + ir~ signal. 

To optimiz e J/ibir + Tr~ usefulness, we need to understand the CP content of this final state. With 1.0 fb -1 
data, LHCb Aaii 2012cj j preformed a modified Dalitz-plot analysis which fits to the m 2 (7r + 7r~), m 2 (J/ipiT + ) and 



J/tp — > prpT helicity angle distributions after integrating the angle between J/tp and tt + tt~ decay planes. 

Different from the classical "Dalitz-plot" analysis, the vector J/tp particle has 3 helicity amplitudes that must be 
considered. The projection of m 2 (ir + ir~ ) overlayed with the best fit is shown in Fig. [1] The components and fractions 
of the best fit are given in Table Q] The fraction of J/ipp is measured less than 1.6% at 95% confidence level (CL); 
the J/ipp final state only can be present in higher order processes. The final states listed in Table Q] are all CP-odd 
states, expect for /2(1270) with helicity |A| = 1 which has mixed-CP. Combining with this and p, the fraction of 
CP-even states is less than 2.3% at 95% CL. So the whole mode is dominated by CP-odd state, and can be used for 
4> s measurement without need of ang ular analys is. The relative branching ratio between B® — > J/tpTT + TT~ and J/ip(f> 
is measured as (19.79±0.47±0.52)% |Aaiill2012c |. 




m 2 (jt + jc ) (GeV) 



Figure 1: Dalitz fit project of m 2 (iv + Tv ) from the best fit. The points with error bars are data, the signal fit is shown with a 
(red) dashed line, the background with a (black) dotted line, and the (blue) solid line represents the total. 



The B® —> J/tpit + ir~ decay complements J/tp(p m determining <p s . The event yield is about 40% of J/ip<p(<f) — > 
K + K~). In B® decay to a CP-odd final state via b — > ccs transition, the time dependent decay rates are given in 
Eq. ([2]) with A = — e~^ s . We also need to take into account experimental effects, such as acceptance in decay time, 
time resolution, and dilution due to wrong flavor tagging. The decay time resolution in LHCb is about 40 fs thanks 
to the excellent vertex detector and large momentum of B° s . 

LHCb updated the <p s measurement using an sample of 1 fb -1 data Aaiill2012dl |. The m( J/ipir + ir~) and m(7r + 7r~) 
distributions are shown in Fig. [2] after applying a Boosted Decision Tree selection rather than a cut-based selection 
used in Fig. Q] . Wit h about 7400 P° signal candidates, LHCb finds cp s = -0.0191^^;^ rad, consistent with 
the SM expectation Charles! 1201 If . The largest systematic uncertainty arises from allowing direct CP violation. 
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Table I: Resonance fractions in — > J/ipir + iv over the full mass range Aaiill2012c |. The final-state helicity of the D-wave 
is denoted by A. Only statistical uncertainties are quoted. 



Resonance 


Normalized fraction (%) 


/o(980) 


69.7 ± 2.3 


/o(1370) 


21.2 ±2.7 


non-resonant -k + tt~ 


8.4 ± 1.5 


/ 2 (1270), A = 


0.49 ±0.16 


/ 2 (1270), |A| = 1 


0.21 ±0.65 



Here <fi s changes by —0.0020 from the default value and |A| = 0.89 ± 0.13 consistent with no direct CP violation. 
The systematic uncertainty due to a possible CP-even component is —0.00 08. The me asured 4> s is consistent with 
the LHCb preliminary result -0.001 ± 0.101 ± 0.027 rad using B ° Q -)• J/ipcf) |Aaiill2012ej l . Combining the two LHCb 
measurements gives <j) s = —0.002 ± 0.083 ± 0.027 rad 



Aaiill2012e} . 
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Figure 2: Left: The m(J /ipn + -K~) distribution from the candidates with m(7r + 7r~) 6 [775, 1550] MeV, shown also the B® signal 
as the red solid line and other various background components. Right: The m(-ir + -K~) from the candidates with ±20 MeV 
around B® mass peak. The arrows indicate the region used for (f> s measurement and the red dash line shows the background. 



Other possible modes for measuring <p s are 



• B® — > J/?/;/2(1525) which was first observed by LHCb Aaij|2012|. This mode could be useful but it needs to 
include addi tional D-wa ve in transversity amplitudes. Sizeable S-wave over the entire m(K + K~) in J ~/ipK + K~ 
is also seen |Aaii 2012j|. 

• B° s -> J/V>77 (/) which were first observed by Belle (Lil l2012i . They are CP-even states with large branching 
fraction, but neutral detection is difficult for experiments in a hadron collider. 

• B° s -> ip(2S)c/>,^(2S) ->■ andP° D+Dj. The event yields are of order of 5-10% of (J/tp -> n+ aOO -> 
K+K-). 



4. CP asymmetries in B Q S ->• h + h^~ decays 

Two-body charmless B® decays have significant contribution of penguin diagrams, providing an entry point for 
New Physics. Under U-spin symmetry, where s quarks are changed to d quarks, B® — > K + K~ is analogous to 
B° K + tt~ and P° ->■ K~-k + to P° ->■ tt+tt". Specifically it turns out that A d £ K in P° should be equal to the 
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Figure 3: Invariant Kit mass spectra for (a) K + ir and (b) 7r + combinations. 



direct CP asymmetry in B° — > K + tt~ , in the limit of exact U-spin symmet ry and neglecting certain diagrams with 
annihilation topologies contributing to the decay amplitude Fleischerl ll999]. 
The direct CP asymmetry in the flavor-specific decay B® — > (/ = K~ir + ), 



Acp(B° s 



Kit) = U l 



\A f \ 



\A f \ 



(4) 



is measured by LHCb using 0.35 fb _1 data, where an untagged time-integrated method is used. The measured charge 
asymmetry after correcting detection and production biases is equal to Ag p + C(a|j). The semileptonic asymmetry is 
measured as af, = (-1.81 ±1.06)% by the DO Collaboration [AbazovlEoilt . where the uncer tainty is sum of statistical 
and systematic. The LHCb Collaboration recently measured a s sl = (-0.24 ± 0.54 ± 0.33)% |Aaiill2012gj . Thus 0(a s sl ) 



is negligible compared to the measured CP asymmetry shown later. The K + n and K -k + mass spectra for the 
candidates are shown in Fig. |3] A C lear differen ce in the yields of two peaks at the B® mass is seen. LHCb finds 
A C p(B° -+Kir) = 0.27 ± 0.08 ± 0.02 |Aaiill2012h| . It is 3.3cr from zero, providing the first evidence for CP violation 
in the decays of B® meson s. The result for Acp (B® — > Kir) is consistent with the only previous measurement from 
CDF of 39 ±0.15 ± 0.08 |AaltoneJ[2MTc |. 

LHCb Aaii 2012i] made the first measurement of CP asymmetry in B® — > K + K~ . It's a time-dependent flavor- 



tagged analysis. The large statistical sample B° K~ir + is used to measure flavor tagging efficiency and mistag 
probability that are then constrained in the fit to B® — > K + K~ . The mass distribution of selected candidates is 
shown in Fig. H](left); fit obtains 7155 ± 97 signal candidates. The measured CP asymmetries (preliminary) are 



Af K = 0.02 ±0.18 ±0.04, 



\ mix 



0.17 ±0.18 ±0.05. 



(5) 



The raw asymmetry is shown in Fig. [4] (right). 



5. Effective lifetimes of B° s from CP-eigenstate final states 



The untagged decay time distribution summing B® and B° s is 



T(t) oc (1 - A Ar °)e~ rLt + (1 + A Ai = )e 



-r H t 



(G) 



where A ATs = — ,^ff e ^ , as in Eq. ©, and th and tx are the lifetimes of heavy and light mass eigenstates. The 
|A| +1 

CP-odd state J/-0/o(98O) has A Ar ° = cosd) s = 1 and CP-e ven state K+K~ has A AFs w -1 (the small difference 
from unity is discussed in Ref. Fleischer and Knegiensll201l| ). Therefore, their effective lifetimes are approximately 
equal to the lifetimes of heavy and light mass eigenstates, respectively. 
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Figure 4: Left: Invariant mass projection for the B° —¥ K + K~ . The data are described by the overall fit result (solid blue line) 
which is the sum of: B® — > K + K~ signal (dotted dark yellow line); B° — > Ktv cross-feed background (dashed double-dotted 
red line); partially reconstructed three-body (dashed orange line) and combinatorial (dashed dotted grey line) backgrounds. 
Right: Time- dependent raw asymmetry in the B® — » K + K~ signal mass region with the result of the fit superimposed. The 
offset to = 0.95 ps corresponds to the selection requirement where the decay time acceptance starts. 



The effective lifetime in J/i/i fg (980) final stat e is measured to be 1.700 ± 0.040 ± 0.026 ps by LHCb [Aaiill2012i [ 
and 1.70t°:n±0-03 ps by CDF |AaltoneJl201~la| . The most precise measure ment on the effective lifetime in K + K 
final state comes from LHCb. The measured value is 1.455 ± 0.046 ± 0.006 ps Aaiill2012kl |. Tho se measurem ents can 
be used to improve the determination of T s and Ar s using the method carried out by HFAG Amhisll2012 [. 



6. Summary 

In summary, the latest world best measurements on CP violation in other decays are discussed. They are 
mostly provided by LHCb collaboration thanks to the larger statics and better detector performance. 
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